In the current series of experiments we investigated the role of bradykinin in airway hyperresponsiveness induced by human eosinophil-granule major basic protein (MBP). Bronchoalveolar lavage was performed after intratracheal instillation of MBP or poly-L-lysine in anesthetized, intubated rats, and levels of immunoreactive kinins and kallikrein-like activity were determined. Both MBP and poly-Llysine induced a three-and eightfold increase in levels of kallikrein-like activity and i-kinins, respectively. To determine whether kinin production is required for the development of airway hyperresponsiveness induced by cationic proteins, dose-response curves to methacholine were constructed before and 1 h after intratracheal instillation of either MBP or poly-L-lysine (100 pg). MBP and poly-Llysine induced an increase in airway responsiveness, which was inhibited by pretreatment with a selective BK-2 receptor antagonist, NPC 17713 (250 jug/ml). Our results demonstrate that MBP and poly-L-lysine activate kallikrein and stimulate the generation of i-kinins in vivo, an effect that may be related to the cationic charge of these proteins. Furthermore, the ability of these proteins to increase airway responsiveness appears to be dependent on the generation of i-kinins. (J. CliU. Invest. 1995Invest. .95:1735Invest. -1740 
Introduction
The eosinophil contains at least four distinct cationic granule proteins; the most well characterized is major basic protein BAL, bronchoalveolar lavage; Cdyn, dynamic compliance; MBP, major basic protein; PC 100, provocative concentration required to increase lung resistance 100%; RL, total lung resistance. > 50% of the granular protein and 100% of the core protein of the eosinophil (1) . MBP is of considerable interest in the pathogenesis of bronchial asthma as it is highly cytotoxic to airway epithelial cells and induces pathological alterations similar to those found in the airways of asthmatic subjects (2) . Elevated levels of MBP have also been reported in the sputum of asthmatic individuals (3) . Furthermore, the amount of MBP in the bronchoalveolar lavage (BAL) fluid of asthmatic subjects is correlated with both the degree of epithelial cell denudation and the severity of airway hyperresponsiveness (AHR) (4) .
We and others have recently reported that MBP induces AHR in vivo (5-7), an effect mimicked by synthetic cationic proteins such as poly-L-arginine and poly-L-lysine (6, 7), suggesting that the high cationic charge of MBP may underlie its ability to increase AHR. This hypothesis was further supported by the demonstration that the effect of MBP could be inhibited by neutralization of its cationic charge with heparin, low molecular weight heparin, or albumin, which are all highly polyanionic molecules (7) . However, the precise mechanism(s) by which a charged molecule can alter airway responsiveness remains unknown.
Bradykinin is a 9-amino acid peptide that is generated from its plasma protein precursor, kininogen, by the action of plasma and tissue kallikreins (8) and has a number of properties appropriate to a mediator of asthma (8) . Nevertheless, the role of bradykinin in the pathogenesis of allergic airway disease is not well understood. The recent development of peptide analogue antagonists of bradykinin now provide useful tools to elucidate the pathophysiological role of bradykinin.
As it has previously been demonstrated that eosinophil cationic protein can activate plasma kallikrein (9), we have investigated whether human eosinophil MBP and synthetic cationic proteins can stimulate the generation of i-kinins in the airway in vivo. Furthermore, using the selective BK-2 receptor antagonist NPC 17713 ((D)-Arg-Arg-Pro-Hyp-Gly-Phe-Ser-(D)-4hydro-xyPro(trans-propyl)-Oic-Arg) (10), we have investigated whether the ability of cationic proteins to induce AHR is dependent on bradykinin formation.
Methods
Animals. Adult Sprague-Dawley rats of either sex, weighing 200-280 g, were purchased from Sasco (Omaha, NE) and were used throughout this study.
Assessment of lung function. Rats were anesthetized with a mixture of xylazine (3 mg/kg) and ketamine (30 mg/kg) administered intraperitoneally, and lung function was measured as described previously (6, 7) . Briefly, animals were intubated with a 6-cm long endotracheal tube (PE 205; Intramedic, Becton Dickinson, Parsippany, NJ) and placed in a whole body plethysmograph (model PYLAN; Buxco Electronics, Sharon, CT). Tidal volume was monitored as differential pressure (±+2 cmH2O; Validyne MP45-871, Validyne Northridge, CA) between the main chamber and a reference chamber filled with copper gauze. A saline-filled catheter was placed in the esophagus to estimate intrapleural pressure and positioned to obtain maximal pressure swings with minimum cardiogenic artifact. Measurements of total lung resistance (RL) and dynamic compliance (Cdyn) were calculated at isovolumetric points using an automated respiratory mechanics analyzer (model 6, Buxco Electronics).
Dose-response curve to inhaled bradykinin. After measurements of baseline lung function, rats were exposed for 15 s to an aerosol of saline generated by an air-driven ultrasonic nebulizer (pulmosonic, model 25; Devilbiss, Somerset, PA), which had previously been demonstrated to generate particles with a mean diameter of 3.5 ,um. Animals were exposed to increasing concentrations of bradykinin (Sigma Chemical Co., St. Louis, MO) (1.0, 3.0, and 10.0 mg/ml), for 15 s at each dose. Bradykinin was prepared in PBS, pH 6.4. The effect of inhaled bradykinin on pulmonary function was studied on three separate study days, separated by at least 48 h. Animals were treated in a randomized fashion with an aerosol for 3 min of either saline, 5 min before bradykinin challenge; NPC 17713 (250 pg/ml), 5 min before bradykinin; or NPC 17713 (250 pg/ml), 60 min before bradykinin.
Determination of airway responsiveness to methacholine. After measurements of baseline lung function, rats were exposed to an aerosol of saline for 15 s as previously described. Animals were then exposed to increasing concentrations of methacholine (Sigma Chemical Co.) (0.18-5.0 mg/ml), for Results are expressed as the mean±SEM of the percent change in Cdyn for n = 6 animals. Significance (*P < 0.01) was determined by a Student's t test.
tion period of 18 h at 40C, the assay was terminated with charcoal dextran. This protocol recovers 95% of standard bradykinin, with a detection limit of 5 pg per ml of BAL fluid. Cross-reactivity is 5,000%
for lys '-bradykinin, 4% for T-kinin, 0.04% for des-Arg9 bradykinin, and negligible for substance P. vasoactive intestinal peptide, and bombesin. Kallikrein-like activity was measured as arginine esterase activity using the TAME-esterase assay (12) . An aliquot (20 (Fig. 1 a) , although a significant protection was afforded when given 60 min before bradykinin (Fig. 1 b) . Similarly, instillation of poly-L-lysine incre sponsiveness (PC 100: 1.14 [0.93-1.39] mg/h 0.12] mg/ml, n = 6, P < 0.01) (Fig. 3 a) f MBP (100 ,g) n = 6, P < 0.01). (Fig. 3 b) . In contrast to the efficacy of NPC als that were pre-17713 when given before poly-L-lysine instillation, exposure MBP instillation. Zased airway re-mals (1,151.7±138 dpm, n = 6, p < 0.001). 60 min after ml; 0.13 [0.14-instillation, levels of kallikrein were reduced compared with 15 retreatment with min after instillation (2,597±133 dpm, n = 3), but were still -induced AHR elevated compared with those in saline-treated animals 7-0.43] mg/ml, (1,339+133 dpm, n = 3, P < 0.05) (Fig 4 a) . Concomitant with the increase in kallikrein-like activity, there was an increase in the amount of i-kinins in the airways, which was maximal 15 min after instillation (poly-L-lysine treated: 107.0±16.3 pg/ml, n = 9; saline treated: 12.0±2.7 pg/ml, n (c 1773 = 9, P < 0.001 ) (Fig. 4 b) . Similarly, kinin levels were reduced 60 min later, but were still elevated as compared with control animals (poly-L-lysine treated: 58.5±7.8 pg/ml, n = 8; saline treated: 9.3±2.5 pg/ml, n = 4, P < 0.005). Poly-L-lysineinduced kallikrein activation and kinin generation was inhibited by admixing the cationic protein with low molecular weight heparin (1,758.3±186.5 dpm and 24.0+2.0 pg/ml, n = 6, P < 0.01, respectively) (Fig. 5, a and b) . Instillation of low molecular weight heparin or poly-L-aspartate had little effect on kallikrein-like activity and i-kinin production (Fig. 5, a and b) .
_* Effect ofMBP on kallikrein activation and kinin generation. Instillation of MBP produced a twofold increase in the levels of kallikrein-like activity in BAL fluid compared with animals treated with the control buffer (MBP: 2,812±394 dpm, n = 4; ME POST column buffer void: 1,470±136 dpm, n = 4, P < 0.01). Simi- 12 .3±2.7 pg/ml, n = 4, P < 0.01) (Fig. 6) 
Discussion
The possible involvement of kinins in inflammatory airway diseases such as bronchial asthma has been a subject of much speculation. However, with the recent introduction of selective receptor antagonists, the pathophysiological role of these peptides can be investigated. In the present series of experiments, we have demonstrated that human eosinophil-granule MBP and a synthetic cationic protein, poly-L-lysine, can stimulate the generation of i-kinins in the airways. Furthermore, using the selective receptor antagonist NPC 17713 (10), we have shown that the ability of these proteins to induce AHR is in part dependent on bradykinin formation.
The mechanisms by which bradykinin contributes to cationic protein-induced AHR are unclear. However, whatever the precise role of this peptide, bradykinin involvement appears to be an early event, as the antagonist was ineffective when given after poly-L-lysine instillation. These functional observations are supported by the demonstration that BAL fluid levels of kallikrein-like activity and i-kinins were elevated above those in control animals as early as 5 min after instillation, peaking at 15 min and returning toward baseline 1 h later. As 15 min proved to be the optimum period for i-kinin generation after poly-L-lysine instillation, this time period was used to determine whether MBP also activated the kinin system. After instillation of MBP, we were also able to demonstrate a two-and fivefold increase in the amount of kallikrein-like activity and i-kinins, respectively, as compared with that induced by the column prevoid volume control. However, it is important to note that measurement of the level of i-kinins is an assessment of both bradykinin and lysylbradykinin (kallidin), and thus in the present study it was not possible to distinguish between the formation of these two peptides and their relative importance in the development of AHR.
In clinical studies, elevated levels of i-kinins and tissue kallikrein have been detected in the BAL fluid of asthmatics (13) and, more recently, in the BAL fluid of asthmatic subjects after allergen challenge (14) . In addition, increased amounts of kinins have been demonstrated after nasal challenge with allergen (15, 16), cold, dry air (17), and viral infection (18) . It is of considerable relevance to our present observations that levels of i-kinins after nasal provocation were well correlated with levels of eosinophil cationic protein, suggesting a link between eosinophilic inflammation and kinin generation (16). However, from this study it is not possible to determine whether eosinophil activation and cationic protein release were responsible for the increased i-kinin level in the nasal washes. A biphasic elevation in both i-kinins and kallikrein-like activity has also been reported in the BAL fluid of ascaris-sensitive sheep after allergen provocation ( 11) , with the two peaks of i-kinin activity corresponding to the early and late phase airway obstructive response. Moreover, pretreatment with the BK-2 receptor antagonist NPC 567 inhibited both the development of the late phase response and the heightened airway responsiveness ( 11 ) . Thus, based on our observations, it is reasonable to speculate that granulocyte infiltration with the subsequent release of cationic proteins, an event associated with the late phase asthmatic response and AHR, may be responsible for the second peak of ikinins in this model.
During allergic inflammation of the human upper airways, it has been shown that three enzymes contribute to TAMEesterase-like activity, tissue kallikrein, plasma kallikrein, and mast cell tryptase (19, 20) . Both kallikreins are potent inducers of kinin formation and so could contribute to the generation of kinins in the present study. Tissue kallikrein has been shown to be present in the serous cells of the submucosal glands in the lower airways (21), and plasma kallikrein may be expected to enter into the airway secretions as a result of plasma transudation. Although it has been shown that mast cell-derived tryptase can generate kinins under certain circumstances and is responsible for the kininogenase activity released from sensitized human lung mast cells after antigen challenge (22), it is unlikely to be a significant contributor to kinin generation in vivo, since this enzyme requires an optimal pH of 5.5 and, even at this pH, is < 1% as efficient as kallikreins in generating kinins (23). In the present study, however, we have not attempted to characterize further the nature of the TAME-esterase activity, as based on the levels observed, we anticipate that the amount of tissue kallikrein in the lavage fluid would be below detection. More-over, plasma kallikrein is difficult to measure because this enzyme is rapidly metabolized by protease inhibitors. Therefore, at present, the precise source(s) of the kallikrein-like activity after MBP instillation is unknown.
The ability of poly-L-lysine to generate kinins in the lung appears to be dependent on the highly charged nature of this protein, as neutralization of the cationic charge with low molecular weight heparin, a polylinear anion, inhibited bradykinin generation. Such results are consistent with our previous observations that cationic charge is an important determinant of the ability of these proteins to increase airway responsiveness (7) . To (27) , inhibition of bradykinin with the selective antagonist NPC 567 inhibited the development of antigen-induced AHR in allergic sheep (28) . Thus while the generation of bradykinin is central to the expression of airway responsiveness induced by either allergen (28) (34) (35) (36) . In addition, bradykinin can activate neural pathways in the airways by stimulating both vagal afferent C-fibers (37) and unmyelinated sensory C-fibers (38) . In this regard, bradykinin has been demonstrated to be a potent stimulator of sensory neuropeptide release from perfused guinea pig lungs, being some 100 times more potent than histamine (38) . The ability of bradykinin to induce plasma protein extravasation appears to be dependent on activation of sensory C-fibers, as pretreatment with the selective C-fiber neurotoxin capsaicin inhibits bradykinin-induced vascular leakage (39) . Likewise, in guinea pigs, bradykinin-induced bronchoconstriction can be abrogated by pretreatment with atropine and capsaicin, suggesting the involvement of both cholinergic and excitatory noncholinergic neural mechanisms (40) . More recently it has been demonstrated in rodents that bradykinin-induced vascular leakage is dependent on substance P release from afferent C-fibers, as the effect of bradykinin is inhibited by the selective NK-1 receptor antagonist CP-96, 345 (41 ), Bradykinin can also facilitate noncholinergic excitatory responses in guinea pig airways by a prejunctional mechanism, the effect of which could be inhibited by a selective BK-2 receptor antagonist (42) . These observations suggest that BK-2 receptors are present on sensory nerve endings in the airways and support previous electrophysiological evidence that the effects of bradykinin on sensory neurons in the spinal cord and cultured sensory neurons are mediated by BK-2 receptors (43). Thus, cationic protein-induced bradykinin generation may lead to a cascade of events resulting in the development of AHR.
In conclusion, we have demonstrated that, in an experimental system, an acute instillation of eosinophil-granule MBP as well as a synthetic cationic protein can generate bradykinin, which is important in the subsequent development of AHR. Our observations are important, as they demonstrate that MBP induces AHR by mechanisms other than a direct cytotoxic action on the airway epithelium. The precise relationship between MBP release, kinin generation, and the subsequent development of AHR in the asthmatic individual remains to be determined. However, as cationic proteins can be released from eosinophils by an IgE-dependent mechanism (44), the possibility exists that bradykinin may be generated in the lungs as a result of allergen-induced .eosinophil degranulation. Finally, our data suggest that if indeed this is the case, bradykinin antagonists may prove to be novel antiasthmatic agents.
